Zebrafish (Danio rerio) has recently emerged as a powerful experimental model in drug discovery and environmental toxicology. Notwithstanding this, automated in-situ analysis of zebrafish embryos is still deeply in its infancy. Currently available technologies do not allow for an automated loading, trapping, addresses designation to each embryo during analysis and perfusion treatment of large numbers of immobilized zebrafish embryos. This work describes the proof-of-concept design, development and validation of a 3D multilayer microfluidic chip-based system for real-time developmental analysis of zebrafish embryos. The design achieves one-embryo-in-one-trap for convenient address designation and encoding to each embryo and is capable of high-throughput docking and recovery of single embryos at a large scale. The chip-based design features integrated heating manifolds and is interfaced with a piezo-electric ultrasonic micro-pump for efficient chip actuation.
Introduction
Small multicellular animals such nematode worms (Caenorhabditis elegans), fruit flies (Drosophila melanogaster) and zebrafish (Danio rerio) offer considerable bioanalytical advantages over cell lines and isolated cells/tissues [1] [2] . They bridge the gap between traditional high-throughput in vitro and inherently costly, low-throughput and ethically controversial mammalian tests. In particular, biotests performed on transgenic zebrafish lines have recently emerged as powerful experimental models in molecular medicine and drug discovery [1] [2] . Despite rapid progress in cytometric technologies and automatic liquid handling of cell suspensions, the dispensing, treatment and analysis of zebrafish embryos is still largely labor-intensive [3] . More recent innovations involve zebrafish screening in high-density microtiter plates with embryos dispensed using robotic liquid handling systems. The latter systems still suffer from static exposure principles utilized in standard embryo tests and are not cost effective [3] [4] .
The drawbacks associated with manual handling of zebrafish embryos can be, however, addressed by the emerging field of innovative microfluidic Lab-on-a-Chip (LOC) technologies [3. 5] . As an investigative tool, LOCs represent a new direction that may miniaturize and revolutionize research on metabolism and physiology in vivo [3] . This work describes the design and validation of an actively actuated, multilayer microfluidic chip-based system for automated loading, immobilization and real-time developmental analysis of single transgenic zebrafish embryos at a large scale.
Materials and Methods
Wild type (AB line; Zebrafish International Resource Center, Oregon, Eugene, OR, USA) and transgenic Tg(fli1a:EGFP) zebrafish embryos were obtained from random pair-wise mating and natural spawning. Embryos were collected in embryo medium E3, rinsed to remove any debris and dead embryos and kept at 28.5± 1°C in E3 medium. Animal research was conducted with approval from The University of Auckland Animal Ethics Committee (approval ID R661/1).
3D Computer Assisted Design (3D CAD), virtual prototyping and computational fluid dynamics (CFD) simulations of the chip-based devices was performed using SolidWorks 2011 and Fluent 4.0 software packages, respectively [5] . Physical prototyping was performed using a non-contact 30W infrared laser machining system (Universal Laser Systems, USA) in poly(methyl methacrylate) (PMMA) transparent thermoplastic. A High Power Density Focusing Optics (HPDFO, Universal Laser Systems) provided a 50 μm laser beam spot and achieved accuracy of up to 3 μm. All layers were aligned and thermally bonded at 110°C for up to 2 hours in a fan assisted oven [5] .
Time-lapse imaging of developing embryos cultured on chip-based devices was performed using a Leica MZ7.5 stereomicroscope. Nikon SMZ1500 fluorescent stereomicroscope equipped with a standard FITC/GFP filter cube was used to acquire fluorescence images of developing Tg(fli1a:EGFP) embryos. An infrared camera (FLIR P-Series IR, FLIR Systems Inc, USA) was used to obtain the thermal distribution inside the chip-based device.
Results
The major obstacle against automated trapping and arraying of millimeter-sized metazoan embryos in perfusion Lab-on-a-Chip devices is linked to their substantial mass (850-1050 μg for zebrafish embryos), which leads to rapid gravitational-induced sedimentation and high momentums of translational and rotational movements. Our device was designed to overcome these challenges by applying an active suction-based immobilization principle to rapidly trap and hold developing embryos for up to 3 days (Fig  1a) . The 3D (4-layer) design was optimized specifically for trapping, culture and analysis of embryos that remain within the oval chorion structure (Fig 1a) . The chip consisted of four integrated modules: (i) the main channel for embryo loading and medium perfusion, (ii) a linear array of up to 30 embryo traps, (iii) a suction manifold that created a drag force to trap and immobilize embryos and (iv) a heating manifold that consisted of a U-shaped channel circulating warm water around the linear array of the traps (Fig 1a &  b) . The traps had a conical geometry with 2 mm in diameter on the top plane and 1.6 mm in diameter on the bottom plane. They were engraved using the laser raster mode to the depth of 1.4 mm (Fig 1b) . The innovative modification in the microwell geometries was implemented by adding additional small channels on the periphery of the microwells (Fig 1b) . This modification considerably increased the mass transfer (up to 40%) by increasing the flow of water into the microwell when the embryo was docked and suction applied to the manifold (Fig 1b & 2a) . The device allowed for quick trapping of zebrafish embryos without any physical damage. For this purpose, the embryos were loaded on a chip one-by-one in approximately three-second intervals using a flexible 1.5 mm ID suction tube connected to a storage vessel. The main channel output port was connected to a miniaturized, piezoelectric pump (mp 5 pump, Bartels Microtechnik GmbH, Germany) and actuated at the flow rate of 0.4 ml/min. The output port of the suction manifold was actuated at the rate of 0.25 ml/min. After entering the chip, the aspirated embryos rolled on the bottom surface of the main channel under the influence of drag force (Fig 2b) . Embryos approaching the empty traps were affected by: (i) gravitational force and (ii) direct suction on the bottom plane of microwell trap that both changed their trajectory towards the trap aperture (Fig 2b) . The following embryos rolled on the surface of docked embryos to next unoccupied traps (Fig 2b) . The sequence repeated until all traps were used. The device achieved 100% trapping efficiency at the total flow rate ranging between 0.1 to 0.75 ml/min. Moreover, 100% of the trapped embryos retained their position during the course of even longterm experiments (ca. 72 hours). Computational fluid dynamic simulations indicated that even though the embryos rested directly on the inlets of suction channels, their cross sections still permitted for a considerable flow passing around the embryos providing constant oxygen supply (Fig 2a) .
To support the development of the embryos at a constant temperature of ±29°C the U-shaped heating manifold was integrated to circulate water from externally heated reservoir (Fig 3a) . The manifold recalculated water in a closed loop perfusion at a flow rate of 3 ml/min for up to 72 hours allowing for an optimal embryo development temperature of about 28.5± 0.5°C inside the embryo array (Fig 3a) . To demonstrate the feasibility for real-time developmental analysis of vertebrate embryos over extended periods of time on the chip-based array we validated our technology by performing a long-term culture of WT and Tg(fli1a:EGFP) zebrafish embryos perfused at varying flow rates for up to 72 hours (Fig 3b) . The Tg(fli1a:EGFP) embryos developed normal vasculature as evidenced by the presence of characteristic patterns of intersegment vessels (Fig 3b) . Address designation to each embryo during analysis substantially accelerated the data acquision in contrast to conventional Petri dish assays.
Conclusions
In contrast to any previously described technologies, our 3D LOC device created a dynamic embryo array for automatic loading, trapping, and culture of large vertebrate embryos in a single, monolithic integrated device with no moving parts. Importantly, the design achieves one-embryo-in-one-trap for convenient address designation to each embryo and the characteristics of the flow allow retrieving a trapped specimen from the array by displacing it back into the main channel and collecting at the outlet.
Our work provides a new rationale for rapid and automated manipulation of developing zebrafish embryos inside the new class of miniaturized devices. We envisage that such technologies will prove to be better and significantly more cost effective than conventional robotic laboratory automation.
